ABSTRACT.-Root endophyte colonization was investigated in 32 fern and lycophyte species of 11 families collected from the Celaque National Park in Honduras. Arbuscular mycorrhizae (AM) were found in 11 plant species (34%) of Anemiaceae, Gleicheniaceae, Ophioglossaceae, Pteridaceae, Selaginellaceae, Thelypteridaceae, and Woodsiaceae. The abundance of arbuscular mycorrhizal fungi (AMF) in roots varied with particular species, ranging from 4% (Sticherus underwoodianus) to 78% (Thelypteris patens). The morphological AM colonization pattern of all investigated species was of the Paris-type. The mycelium of dark septate endophytes (DSE) was found in 19 species (58%), and was observed both in the roots of plants that were colonized by AMF and were devoid of AM association. However, in both cases the percentage of root colonization by these fungi was low. Exceptions were Asplenium serra, Elaphoglossum erinaceum, Lellingeria prionodes, and Lycopodium thyoides, where abundant DSE hyphae were observed. Our results are the first detailed report of both AMF and DSE associations of these plant species. Moreover, the mycorrhizal status of 27 plant species is reported for the first time.
Mycorrhizal symbiosis is the most widespread and commonly studied type of plant symbiotic associations. Nevertheless, the knowledge of mycorrhizae of ferns and lycophytes is scarce as only ca 10% of known species has been studied regarding their colonization by symbiotic fungi, namely arbuscular mycorrhizal fungi (AMF) (Glomeromycota) (Kessler et al., 2009) . There is a need to investigate mycorrhizae of ferns and lycophytes especially from tropical regions, where these groups of plants are most diverse and ecologically important, and where most major lineages of these plants have probably evolved (Kessler et al., 2009 (Kessler et al., , 2010 . Moreover, little is known about associations of ferns and lycophytes with dark septate endophytes (DSE), a taxonomically and ecologically diverse group of fungi (Jumpponen, 2001) . Among DSE, neutral, parasitic and symbiotic interactions with seed plants have been documented (Haselwandter and Read, 1982; Jumpponen, 2001; Wu and Guo, 2008) ; however, only few investigations have focused on their associations with ferns and lycophytes (Fernández et al., 2008; Kessler et al., 2009 Kessler et al., , 2010 . In this study, we examined the fungal root endophyte colonization of fern and lycophyte species from the Celaque National Park in Honduras. We evaluated mycorrhizal status, the degree of AMF and DSE root colonization, and the morphotypes of arbuscular mycorrhiza (AM).
MATERIALS AND METHODS
Study area and material sampling.-The plant material for fungal root endophyte colonization assessment was collected from the Celaque National Park in Honduras in March/April 2008. The specimens were collected at various sites between 1000 m and 2800 m above sea level. We usually sampled one specimen per species except for four fern species, of which more than one sample was collected from the same habitat. In total, 34 plant taxa (32 species and two specimens assigned only to the genus level) from 11 families were sampled (Table 1) . Whole plants were excavated and cleaned mechanically from the substrate. The roots were cut from the specimens, washed in water and stored in 50% ethanol. The plant specimens were deposited in the herbaria KRA (Institute of Botany, Jagiellonian University, Krakó w, Poland) and TEFH (Universidad Nacional Autó noma de Honduras, Tegucigalpa, Honduras).
Root staining and the assessment of fungal colonization.-Roots were prepared according to the method of Phillips and Hayman (1970) , with modifications. Roots were cleared in 10% KOH for 24 h and then rinsed in water. If the roots were still dark, the KOH was changed and the material was kept for further 24 hours, up to 72 h. The material was then acidified in 5% lactic acid in water (24 h), stained with 0.05% aniline blue in 80% lactic acid (72 h), and finally stored in 80% lactic acid until analysis. The whole procedure was performed at room temperature (22 uC). Root fragments (ca 1 cm) were mounted on slides in glycerol:lactic acid (5:1) and squashed using coverslides. The number of root fragments analyzed in the case of each specimen is reported in Table 1 .
Fungal root colonization (AMF and DSE) was assessed using Nikon Eclipse 80i light microscope with Nomarski interference contrast optics and a digital camera with a panel for image analysis. The AMF colonization was identified on the basis of aseptate hyphae of irregular diameter, growing (i) intercellularly, forming arbuscules terminally in cortical cells (Arum-type of AM morphology), (ii) intracellularly with arbuscules developed on coils (Paristype) or (iii) forming intermediate types (Dodd et al., 2000; Smith and Read, 2008; Zubek et al., 2008; Zubek and Błaszkowski, 2009 ). The method proposed by Trouvelot et al. (1986) was followed for assessment of AM development. The parameters evaluated were: mycorrhizal frequency (F), relative mycorrhizal root length (M), and relative arbuscular richness (A). An estimate of mycorrhizal frequency (F%) is given as the ratio between root fragments colonized by AMF mycelium and the total number of root fragments analyzed. The relative mycorrhizal root length (M%) is an estimate of the amount of root cortex that is mycorrhizal relative to the whole root system. Arbuscule abundance (A%) is an estimate of arbuscule richness in the whole root system (Trouvelot et al., 1986) . DSE colonization was identified on the basis of regularly septate hyphae, usually dark pigmented, with facultatively occurring sclerotia (Jumpponen, 2001; Zubek et al., 2008; Zubek and Błaszkowski, 2009 ). The frequency of DSE mycelium occurrence in roots (F DSE %) was estimated as detailed above for AMF. Additionally, the frequency of the occurrence of resting spores of the fungi from the genus Olpidium (F Olp %) was assessed (Zubek et al., 2008; Zubek and Błaszkowski, 2009 ).
RESULTS
AM status.-Arbuscular mycorrhizae with arbuscules, which are the structural and functional criterion of the symbiosis, were found in 11 species (34%) from the families Anemiaceae, Gleicheniaceae, Ophioglossaceae, Pteridaceae, Selaginellaceae, Thelypteridaceae, and Woodsiaceae. The abundance of AMF in roots varied widely with particular taxa (Table 1 ). The highest AMF colonization was found in Thelypteris patens (M578%) and Anemia phyllitidis (M577%), which were also characterized by high arbuscule richness (A576%). The lowest AMF colonization and arbuscule abundance were observed in Sticherus underwoodianus (M54%, A53%). In the case of Adiantum andicola, two of three analyzed root samples were mycorrhizal (M553% and 73%), and one was devoid of AMF (Table 1) .
All plant species showed Paris-type colonization in which AMF colonized roots by intracellular growth. Neighboring cortical cells contained hyphal coils on which arbuscules were formed (Fig. 1) .
DSE colonization.-DSE were found in 19 identified species (58%) and in the roots of Asplenium sp. (Table 1) . DSE colonization was observed in the roots of plants which were either colonized by AMF (9 specimens) or were devoid of AMF (13 specimens). Although the frequency of DSE occurrence in roots was above 30% in several species, the percentage of root colonization was low (data not shown). Single hyphae of different diameters, accompanied sporadically by sclerotia (Fig. 2) , were found in the outer cortex and rhizodermis. Exceptions were Asplenium serra, Elaphoglossum erinaceum, Lellingeria prionodes, and Lycopodium thyoides, where DSE hyphae occurred abundantly in most analyzed root fragments (Fig. 2) . DSE colonized up to 80% of root cortex of these plants. The mycelium was brownish or stained with aniline blue. Single DSE hyphae were also detected on the root surface and/or between root hairs of 28 specimens (Fig. 2) . In the old roots of several species, which were not included in the assessments of AMF and DSE colonization, DSE mycelium was abundant.
Other fungal endophytes.-From other fungal root endophytes, only Polypodium pleurosorum had resting spores of Olpidium spp., which were stained with aniline blue. Both the frequency of these structures (F520%) and the percentage of root infection were low.
DISCUSSION
In this paper, we present the detailed report of AMF and DSE associations in 32 fern and lycophyte species. The mycorrhizal status of 27 species is reported, to the best of our knowledge, for the first time. The presence of AMF in Anemia phyllitidis and Botrychium virginicum, as well as the absence of AMF in Asplenium praemorsum were confirmed, consistent with previous literature (Berch and Kendrick, 1982; Zhao, 2000; Wang and Qiu, 2006) . Cystopteris fragilis and Macrothelypteris torresiana were highly colonized by AMF, being reported earlier as either mycorrhizal or devoid of AMF (Cooper, 1976; Berch and Kendrick, 1982; Zhao, 2000; Wang and Qiu, 2006 ). An obvious shortcoming of our study is the limitation of our investigations, in the case of most species, to one individual per species. Thus, our observations that particular species lack mycorrhizae do not mean that they are devoid of AMF at other sites and habitats. In order to clarify if a species lacks the symbiosis, or is facultatively or obligatory mycorrhizal, the collection of repetition samples from the same and different habitats is needed. Nevertheless, our investigations add data to the knowledge of mycorrhizal status and the biology and ecology of several fern and lycophyte species. Furthermore, as it was recognized for endangered seed plant species, studies on mycorrhizal associations may also be important in the context of ecological restoration, preservation, and propagation (Barroetavena et al., 1998; Turnau and Haselwandter, 2002; Fuchs and Haselwandter, 2004; Zubek et al., 2008 .
Investigations on the occurrence of mycorrhizae in ferns and lycophytes indicate a considerable diversity of interactions, ranging from lack of symbiosis to facultative and obligate associations (Zhao, 2000; Turnau et al., 2005; Fernández et al., 2008; Kessler et al., 2009 Kessler et al., , 2010 . The positive response of ferns to AMF was confirmed in experimental research. In the studies carried out on Pellaea viridis (Forsk.) Prantl (Pellaeaceae), the presence of AMF in both gametophytes and sporophytes resulted in larger leaf area and root length of sporophytes in comparison to the plants devoid of AMF (Turnau et al., 2005) . As suggested earlier, the formation of mycorrhizae might be of great importance for epiphytic plants due to nutrient shortages under these conditions (Kessler et al., 2009) . However, we observed that all epiphytes were devoid of AMF. Although this survey, due to aforementioned limitations in specimen collection, does not allow definite conclusions about the relationship between AM presence and habitats, our findings are in accordance with previous studies on ferns and angiosperms, where low AMF colonization or the absence of AMF were found among epiphytes (Lesica and Antibus, 1990; Maffia et al., 1993; Michelsen, 1993; Kessler et al., 2009 Kessler et al., , 2010 . In this habitat, unsuitable growth conditions for AMF (the lack of welldeveloped soils) seem to be the reason for the absence or low AM colonization rather than a lack of functional need among epiphytes for mycorrhizal associations (Kessler et al., 2009) .
It is known that the AM morphology may depend on the host plant and fungal identity, and that different environmental factors may have an impact on AM pattern of root colonization (Cavagnaro et al., 2001; Dickson, 2004; Yamato, 2004; Kubota et al., 2005; Dickson et al., 2007; Smith and Read, 2008) . In the present study, all mycorrhizal plant species showed Paris-type of colonization. The results are in accordance with other studies where mostly this morphotype has been found among ferns and lycophytes (Zhang et al., 2004; Dickson et al., 2007) . However, intermediate types, and less frequently Arum morphology of AM have also been documented (Dickson et al., 2007; Fernández et al., 2008; Kessler et al., 2009 ). Our observations confirm earlier records that the Gleicheniaceae, Ophioglossaceae, Pteridaceae and Woodsiaceae (the genera Cystopteris and Diplazium included in the Athyriaceae family by Zhang et al., 2004) only have the Paris-type. However, both intermediate and Paris patterns of AM colonization have been observed among species of the families Selaginellaceae and Thelypteridaceae (Zhang et al., 2004; Dickson et al., 2007) . To the best of our knowledge, the AM morphology is reported for the first time for all investigated species and for the Anemiaceae family.
Dark septate endophytes (DSE) were found in the roots of several species, which is in accordance with earlier observations on ferns and lycophytes (Fernández et al., 2008; Kessler et al., 2009 Kessler et al., , 2010 . DSE represent a taxonomically and ecologically diverse group of fungi. Among them, neutral, parasitic and symbiotic interactions with plants are known (Jumpponen, 2001 ). In the case of our study, it is difficult to judge the character of the DSE associations with the investigated species. Nevertheless, in the case of single DSE hyphae presence in a root system it seems unlikely that the fungus would have a significant impact on a plant. However, DSE hyphae occurred abundantly in the roots of Asplenium serra, Elaphoglossum erinaceum, Lellingeria prionodes, and Lycopodium thyoides, and an important influence of DSE on their hosts can not be excluded.
A positive response of angiosperms to DSE has been found in a few studies. DSE isolates were shown to stimulate plant growth or increase phosphorus concentration in two Carex species (Haselwandter and Read, 1982) . DSE were also found to colonize roots of Saussurea involucrata Kar. et Kir. ex Maxim (Asteraceae). In a laboratory experiment, seedlings of this species were inoculated with a DSE strain previously isolated from S. involucrata roots; the plants were colonized heavily and displayed enhanced growth due to the presence of DSE fungus (Wu and Guo, 2008) . In order to reveal the nature of DSE associations with ferns and lycophytes, further research is necessary under experimental conditions. To our knowledge, such studies have not been conducted so far.
